A solar thermal cooling system using novel non-tracking External Compound Parabolic Concentrators (XCPC) has been built and operated for two cooling seasons (summers of 2011 and 2012). Its performance in providing power for space cooling has been analyzed. This solar cooling system is comprised of 53.3 m2of XCPC trough collectors which are used to power a 23 kW double effect (LiBr) absorption chiller. This is the first system that combines both XCPC and absorption chilling technologies. Performance of the system was measured in both sunny and cloudy conditions. The collector system maintained operating temperatures between 160-200 °C. When operated in this temperature range, the XCPC collector array collected solar energy with an average daily efficiency of 36.7% and reached instantaneous efficiencies up to 40%. The thermal COP of the system (including thermal losses and COP of absorption chiller) averaged at 0.99 and the daily solar COP of the entire system averaged 0.363. It was found that these collectors are well suited at providing thermal power to drive absorption cooling systems and that both the coinciding of available thermal power with cooling demand and the simplicity of the XCPC collectors compared to other solar thermal collectors makes them a highly attractive candidate for cooling projects. XCPC technology has numerous potential applications and is currently being commercialized in the U.S. and India
Introduction
Medium temperature solar collectors (100 Celsius to 250 Celsius) have long received attention from researchers due to its application and market potentials [1] . Although tracking solar concentrators can reach 400 C with the current technology, its maintenance and installation cost is still relatively high as well as the system life time to pay back the investment [2] . With the increasing demand of energy and the decreasing CO 2 emission budget, research of medium temperature collectors have been going on my multiple international organizations and private entities. The two major paths have been explored in two directions: 1. elevating the working temperature of non-tracking solar collectors; 2. scaling down the higher temperature tracking devices. Here we report on the recent progress on the first method, namely using eXternal Compound Parabolic Concentrator (XCPC) coupled with metal glass evacuated tubes to satisfy the temperature requirement of double effect absorption cooling machines.
Through the 1990's and 2000's, the evacuated tube solar collectors have been successfully commercialized, reaching the installation capacity of 56% of the world wide solar thermal collectors in year 2010. [3] The most widely adopted all glass evacuated tubes have no inserted metal fin but rely on thermosyphon to circulate the working fluid between the tube and the water tank. Such simple system can be improved with inserted metal fin as another heat transfer element to be coupled with either heat pipe or U-type tubes. The improved system can sustain both temperature shock and be pressurized at a higher cost. At the same time, the thermal resistance introduced between the inner glass absorber and the metal fin can decrease the efficiency of the system due to point contacts. [4] Such improved systems have been widely adopted in the industrial projects to provide lower temperature hot water. But the system is not capable of reaching higher temperature such as above 150 Celsius.
The higher temperature concentrated solar collectors have typical working temperature between 200°C and 400°C. Starting from 1980's 9 parabolic concentrator arrays have been installed in Mojave desert, California. In recent years CLFR(Compact Linear Fresnel Reflector) systems have entered the market in the medium high temperature range. [5] Tracking systems can reach the required temperature [6] . However, tracking system installation and maintenance are more complicated than the non-tracking systems and cannot utilize diffuse solar radiation, therefore they perform less than ideal in most of the cities where the aerosols densities are high.
In this report we not only demonstrate how we are elevating the non-tracking system working temperature to be sufficient to drive the double effect absorption chiller, we also show-case the solar cooling solution with a 53 m2 installation using a 23KW commercially available absorption chiller.
Designing and prototype of the XCPC system
The collector configuration is an evacuated tube receiver matched to an external non-imaging reflector, typically referred to as an XCPC. Figure 1 demonstrates the 3D modelling of the construction of the evacuated tube. Figure 2 is an image of the prototype, showing the configuration of the concentrator coupled with the evacuated tube. The XCPC provides solar concentration without moving parts and can achieve operating temperatures up to 200°C, at an efficiency of 40%. The design principle maximizes the probability that radiation starting at the receiver would be directed to a specific band in the sky we wish to accept. In our case (north-south orientation) this band is 120 degrees in azimuth and 180 degrees in elevation. This corresponds to a nominal operational time period of eight hours per day with a concentration ratio of 1.18. Compared to the typical flat plate setup, the collector fully utilizes the area of the cylindrical absorber therefore per tube the aperture is 1.18 times of aperture area. This increase of aperture area per tube transfers to reduction of cost with a cheaper reflector cost per square meter compared to the evacuated tube. As shown in Figure 1 , inside the evacuated tube receiver is a metallic absorber with a selective coating designed to absorb as much of the solar spectrum as possible while minimizing emission at operating temperatures. The space between the absorber and the glass shell is evacuated so that convection and conduction are eliminated, and heat is transferred from the hot absorber to the external glass shell only by radiation.
The XCPCs used in this solar cooling system were designed to operate facing North-South and to accept light within a 60 degree half angle. The efficiency of the XCPC over a range of acceptance angles is presented in Figure  3 . This design was chosen so that the XCPCs would "see" the sun, which moves at approximately 15 degrees azimuthally every hour, for about 8 hours. The selective coating on the absorber had a solar weighted absorptance of 0.902 and an emittance that ranged from 0.05 to 0.14 at 25 °C and 200 °C respectively. The troughs were produced locally from ABS plastic sheet and lined with ReflecTech, a silver film with spectral and hemispherical reflectance exceeding 94% [7] . A high optical efficiency (71.3%) coupled with the ease of non-tracking make the XCPC collector an ideal collector for medium range temperature applications (up to 200 °C). The operating performance of the XCPC was measured previously at a separate testing loop at the UC Merced Castle research facility. The measurement of the collector performance as shown in Fig.4 critically depends on our use of the calorimetric technique. This simultaneously calibrates both the flow rate and heat capacity of the heat transfer fluid, both of which are prone to variability as the heat transfer fluid (in our case Duratherm) degrades over time. The alternative is to frequently send a sample of the heat transfer fluid to a certified testing lab. However, since the heat transfer fluid properties change from day to day this is not a practical procedure. Flow meters similarly require frequent calibration, again, by a testing lab. For this reason, with the exception of water collectors, we view testing of thermal collectors that do not use the calorimetric technique with skepticism. The efficiency in Figure 4 is normalized to total solar radiation using a Precision Spectral Pyranometer (PSP) on the plane of the collectors. If normalized by the direct solar radiation (DNI) as is customary for concentrating collectors, the efficiencies are typically 25% higher. Prior to the building of this solar cooling system, a stagnation test was performed on a single XCPC collector that was drained of fluid. Temperature inside the vacuum tube reached a maximum of 290 °C in a little over one hour during a sunny day with an average of 1030 W/m2 global radiation and approximately 20% diffuse fraction and an ambient temperature of 25 °C. Although no damage to the tube was observed, the current XCPC collectors are covered when not in use to prevent any possible damage from long term stagnation. At the writing of this paper, we also are in the process of installing a solar powered pump as a backup to prevent long term stagnation.
Solar cooling

Performance tests
During these tests, the collector and intermediate glycol loops were circulated for about two hours until the temperature was high enough to drive the double effect absorption chiller. Then a bypass valve was switched so that the high temperature glycol passed through the chiller and provided thermal power to drive the absorption cycle. No natural gas was used to power the chiller during these tests and as a result, there is a delay between when the collectors start losing temperature and when the chiller starts producing cooling. This is due to the time it takes for the thermal fluid to warm up the high temperature generator inside the chiller from ambient temperature to the required temperature. As the system runs, the chiller cools water from a 500 gallon storage tank. Water from this tank is circulated into an air handling unit that absorbs heat from inside the trailer. This acts as the cooling load on the chiller but during our tests was not enough to match the cooling power provided by the chiller. As a result, temperatures in the cold water tank decreased until they reached the minimum outlet temperature of the chiller (6 °C). This had the effect of decreasing the chiller's COP later in the day because it becomes increasingly more difficult for the chiller to cool water that is already cold [21] . Once the cold water inlet temperature reaches the minimum limit of the chiller, the chiller cycles off for a short period of time to allow the chilled water to warm up. This cycling can be seen in Fig. 7 . When the chiller cycles off, no thermal energy is removed from the high temperature fluids, causing temperatures in these loops to increase. This became an issue in the intermediate glycol loop where high enough temperatures sometimes caused the water in the loop to vaporize which created enough pressure to stop the pump. The system was shut down when either the temperature in the intermediate glycol loop became too high or the solar input became too low. Then the high temperature fluids were circulated through a trim cooler until the temperatures dropped below 100 °C and the solar input dropped below 600 W/m 2 . The expected solar COP of the system can be estimated according to Eq. (1) as the product of the efficiency of the collectors, efficiency of heat transfer from the collectors to the chiller, and the COP of the chiller.
(1)
Using a value of 45% for the collector efficiency based on operating temperatures around 170 °C and an ambient temperature of 30 °C and assuming a thermal efficiency of 0.9 (10% of heat captured by collectors is lost on its way to the chiller), the estimated solar COP of the system is approximately 0.46. We can rewrite the thermal COP in terms of its components according to Eq. (2). Thus our estimated thermal COP is approximately 0.99.
(2)
Typical performance
Daily values for the collector efficiency, thermal COP, and solar COP of the system were calculated from the time the chiller began producing cooling until the system was shut down. For the typical performance day (Fig. 5,6 ), this corresponded to the time period from 11:45 am to 4:20 pm. Daily collector efficiency was determined by integrating the collector power and dividing by the integral of available solar power over the operational time period. The daily thermal COP was calculated by integrating the cooling power and dividing by the integral of collector power over the operational time period. The total solar COP of the system was calculating by integrating the cooling power and dividing by the integral of available solar power over the operational time period.
When the collectors were operated between 150-180 °C, they reached instantaneous efficiencies between 34% and 40%. The instantaneous thermal COP and solar COP ranged from 0.769-1.181 and 0.278-0.468 respectively. The maximum output of the absorption chiller was about 22 kW although on average it produced 15-20 kW of cooling.
Values for collector efficiencies were somewhat lower than expected. This is likely caused by heat loss in the collector array between the temperature sensors used to measure the ΔT col . Since this was an educational project, the collectors were ground mounted and not optimally spaced, requiring more pipe length in the collector array than anywhere else in the system. A complex manifold configuration along the collector banks (supply and return piping runs, perpendicular vacuum tube connections, and flexible hoses every 10 tubes to accommodate thermal expansion) made it difficult to insulate all surfaces effectively. These limitations are mitigated in a commercial system where piping runs are minimized and professionally insulated. The calculated thermal COP is in good agreement with the expected thermal COP. 
Cloudy day performance
Performance of the system was also measured on two cloudy days. Due to the optics of the design, the XCPC collector can collect a certain fraction of diffuse light (1 / concentration). The collectors used in this system had a concentration ratio of 1.18 and thus were able to collect 87% of diffuse light. This allows them to collect power on certain types of cloudy days. Obviously no type of solar collector will work well on an entirely overcast day but the XCPC, and other non-tracking collectors such as flat plates, are still able to collect power. This is especially true on days where clouds are interspersed with sunshine because clouds act as giant mirrors, amplifying the amount of diffuse light just before crossing the sun (see Figure 7) , and a solar collector which accepts diffuse light can take advantage of this effect. The system was run in the same manner on cloudy days as on clear days and no natural gas was used to power the chiller. While it is difficult to provide typical data for a cloudy day because of the wide variability of cloud cover with time of year and location, the data shown in Figure. 7 is promising because the collectors were still able to maintain temperatures above 140 °C and an appreciable amount cooling was still being produced. It is also important to take note that on cloudy days there is usually less of a need for space cooling and thus a decreased cooling output may in some cases be completely acceptable. Collector efficiency, thermal COP, and solar COP were calculated as before for an operational time period between 11:40 am and 4:30 pm and the results are presented in table 2. Instantaneous values are presented, but should be regarded with an understanding that the high variability of solar insolation and the latency of response in the temperature sensors cause inaccurate calculations on an instantaneous basis. They are included simply for completeness.
Collector cleaning
The efficiency of the solar collectors is directly affected by the amount of dust that has settled on the reflectors and vacuum tubes. Over time, the accumulation of dust particles that absorb and scatter sunlight decreases the efficiency of the collectors. The rate of accumulation depends on a variety of environmental factors tied to the location of the array such as wind speed, vegetation, proximity to farmland, and climate. The solar array used in this cooling demonstration was built next to a vacant plot of land and an orchard. Prior to taking data, the collectors had not been cleaned for almost a year, the plot of land next to the collectors was razed of vegetation, and the orchard was razed and re-planted with new trees. As a result, the collectors themselves were extremely dirty and the data probably represents a worst case scenario. Testing was performed for 4 days with dirty collectors and then for 4 days after cleaning the collectors. Prior to cleaning, the collectors operated with an average daily efficiency (according to each day's specific operational time period) of 30% and after cleaning operated with average daily efficiencies of 36.9%. Figures 8 and 9 present data from a day when the collectors were dirty, and Fig. 10 and 11 present data after they were cleaned. On August 15 th (dirty collectors) the system was run for a full 8 hours while on August 20 th (clean collectors) the system was run for about 6½ hours. The difference is run time was caused by our low cooling load. When the collectors are dirty, they generate less power, maintain lower temperatures and do not provide enough cooling to overpower our cooling load. As a result we were able to demonstrate the full 8 hour solar collection window (2½ hours warm-up, 5½ hours run-time). However, once the collectors were cleaned, they warmed up 30 minutes faster, maintained much higher temperatures, and quickly overpowered our cooling load causing a low chiller COP and chiller cycling (Fig. 14) . As mentioned before, this forced us to shut down the system due to risk of vaporization in our intermediate water-glycol loop. Our inability to run for a full 8 hours with clean collectors was simply due to our undersized cooling load and would not be an issue in a properly sized system.
2013 Upgrades
This cooling season we have eliminated the intermediate water-glycol loop and associated heat exchanger so that the heat transfer oil flows directly to the Broad chiller. This is expected to improve system efficiency by removing the l temperature drop associated with the heat exchanger. It will certainly simplify operation of the system by eliminating both exchanger and additional pump.
Conclusions
Mid-temperature non tracking concentrators using non imaging optics offer a practical and economic solar solution to solar cooling, and other processes using heat. They are now transitioning from the demonstration stage to industry scale projects. These offer a broad vista of solar thermal applications
